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Edited by Richard CogdellAbstract The widely conserved SUF system is involved in Fe–S
cluster repair and biogenesis. In cyanobacterium Synechocystis
sp. PCC 6803, transcription of the sufBCDS operon encoding
the Suf complex is negatively regulated by the upstream sufR
gene encoded by the complementary strand. In this report, two
promoters for the sufBCDS operon (P1 and P2) and another
promoter for sufR (PsufR) was identiﬁed, and it was shown that
P1 was activated by a shift to high light conditions. We also
showed that Thermosynechococcus SufR negatively regulated
P1 and PsufR but not P2, in a reconstituted in vitro transcription
system using His6-tagged RNA polymerase.
 2006 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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In vitro transcription1. Introduction
Fe–S proteins play important roles in electron transfer and
gene expression regulation [1], and biogenesis of the Fe–S
cluster is essential for all living organisms. Thus far, three sys-
tems responsible for Fe–S cluster assembly have been identi-
ﬁed, namely ISC (iron–sulfur cluster), NIF (nitrogen
ﬁxation), and SUF (sulfur assimilation) [1–3]. ISC is a house-
keeping system that is conserved in eubacteria and most
eukaryotes, while NIF is present in nitrogen ﬁxing organisms.
SUF is responsive to oxidative or Fe-limitation stress, and
found in eubacteria, archea, plants and parasites [4]. Recently
it was shown that SufR (Sll0088) is a negative regulator of the
sufBCDS operon (slr0074–slr0077) in cyanobacterium Syn-
echocystis sp. PCC 6803 (hereafter Synechocystis) in vivo,
and that SufR was involved in the photosystem I (PSI) accu-
mulation through regulation of reaction center biogenesis
[5,6]. PSI is an Fe–S-quinone complex responsible for theAbbreviations: bp, base pairs; EDTA, ethylenediaminetetraacetic acid;
DTT, dithiolthreitol; RNAP, RNA polymerase; Tel, Thermosynecho-
coccus elongatus; PSI, photosystem I
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NADP+ reduction to NADPH [7]. SufR is a transcriptional
regulator conserved among cyanobacteria, and its coding gene
is located upstream of the sufBCDS operon in the opposite
direction [6]. In the current study, the promoter structure
and the transcriptional regulation of the sufBCDS operon
was analyzed in response to a high light shift. We also con-
structed a Synechocystis strain in which the carboxy-terminus
of the RpoC2 subunit of RNA polymerase (RNAP) was His6-
tagged, and a rapid RNAP puriﬁcation procedure was devel-
oped. Using this system, the eﬀect of SufR on suf promoter
activities in vitro was studied.2. Materials and methods
2.1. Bacterial strains and growth conditions
Synechocystis (Kazusa strain) [8] and Thermosynechococcus elonga-
tus (BP-1) [9] were grown photoautotrophically at 30 C in BG-11
[10] with 2% CO2 aeration under continuous ﬂuorescent light
(70 lE m2 s1).2.2. Primer extension analysis
Primer extension analysis was performed as described elsewhere [11].
Brieﬂy, total RNA was extracted by the hot-phenol method from log
phase Synechocystis cells cultured in BG-11 medium, and subjected
to primer extension analysis using the primer, 5 0-gtggtggaactcatcgaatg-
ca-3 0. The sequencing ladder (T, G, C and A) was obtained with the
same primer.2.3. Recombinant proteins
The sigA gene was PCR-ampliﬁed using Synechocystis genomic
DNA prepared as described elsewhere [11] with the primers, 5 0-gaaaac-
catatgacccagacgaaagagcc-30 and 5 0-ggttatggatccggataaaggggattagcgga-
3 0, and cloned between theNdeI and BamHI sites of the pET15b vector
(Novagen). For SigA overexpression, the Escherichia coli BL21 (DE3)
pLysS strain (Novagen) was transformed with the expression plasmid
and cultured in LB medium at 37 C. At OD600 = 0.4, isopropyl-D-
thio-b-galactopyranoside was added to a ﬁnal concentration of
0.5 mM. Cells were harvested, suspended in TGED buﬀer (10 mM
Tris–HCl (pH 7.9), 5% glycerol, 0.1 mM ethylenediaminetetraacetic
acid (EDTA) and 0.1 mM dithiolthreitol (DTT)) containing 0.1 M
NaCl, and disrupted by sonication (Branson Soniﬁer 250). Imidazole
was added to a ﬁnal concentration of 10 mM to the soluble fraction,
loaded onto Ni-NTA aﬃnity chromatography (Sigma), and proteins
were eluted with TGED buﬀer containing 0.1 M NaCl and 250 mM
imidazole. The His6-tag was cleaved with thrombin protease (GE
Healthcare Bio-sciences), and eliminated by passing through Ni-
NTA aﬃnity chromatography. The ﬂow through fraction was col-blished by Elsevier B.V. All rights reserved.
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(GE Healthcare Bio-sciences). Proteins were eluted by 0.1–1 M linear
NaCl gradient. Fractions containing the SigA protein (rA) were col-
lected and dialyzed against HGED buﬀer (10 mM HEPES-KOH
(pH 8.0), 50% glycerol, 0.1 mM EDTA and 0.1 mM DTT) containing
0.5 M NaCl, and stored at 80 C. SufR from Tel (TeSufR) was over-
expressed as an amino-terminal His6-tagged protein in E. coli cells
carrying pRKSUF017, which accelerates assembly of Fe–S cluster
[12]. TeSufR was puriﬁed from the soluble fraction using nickel aﬃnity
chromatography (HisTrap chelating, GE Healthcare Bio-sciences) un-
der reducing conditions (Matsumoto, K., Ochiai, Y. and Ikeuchi, M.,
in preparation).
2.4. Generation of a Synechocystis strain harboring the
carboxy-terminus His6-tagged RpoC2
The 1451 base pairs (bp) DNA fragment, including the 3 0 end of the
rpoC2 coding region (1208 bp) and the following downstream non-
coding region (243 bp), was PCR-ampliﬁed using Synechocystis geno-
mic DNA and the following primers: 5 0-tcaaactggaggagtccggc-3 0 and
5 0-tgtttcataggctgtcagac-30. The resulting PCR product was cleaved
with EcoRV and SacI and cloned between the HincII and SacI sites
of pHSG298 (Takara) to construct pRC2. Using pRC2 and the
primers 5 0-cgcgcactagtgggtaatctcctatgcccc-3 0 and 5 0-cggccactagt-
cagtggtggtggtggtggtgatcct-30, the DNA sequence coding for 6· histi-
dine residues (underlined) and a SpeI site (italic) was introduced into
the 3 0 end of the rpoC2 coding region by inverse PCR method, so as
to attach a His6-tag to the carboxy-terminus of RpoC2. After SpeI
digestion, the PCR product was self-circularized to make pRC2H.
The chloramphenicol resistant gene was ampliﬁed with the primers
5 0-gggggtacctgttgataccgggaa-3 0 and 5 0-ggggaattcaggcgtagcaccagg-3 0
from pHSG398 (Takara), and cloned into the EcoRV site of pBlue-
script KS+ (Toyobo). The chloramphenicol resistant gene cassette
was excised with SmaI and HincII, and inserted into the blunted SpeI
site of pRC2H to construct pRC2HCm. Synechocystis cells were trans-
formed with pRC2HCm and selected on BG-11 agar plates containing
7 lg/ml chloramphenicol. After three rounds of single colony isolation,
the gene replacement was conﬁrmed by PCR of genomic DNA using
the primers 5 0-tgtttcataggctgtcagac-3 0 and 5 0-taatacgactcacta-
tagggcccgggcctatgccg-30, and the resultant strain was named SRC2H.2.5. Puriﬁcation of His6-tagged RNAP from cyanobacterial cells
SRC2H cells were cultivated in 7 l of BG-11 and cells in mid-log
phase were harvested. The cell pellet (14 g wet weight) was suspended
in 40 ml of TGN buﬀer (20 mM Tris–HCl (pH 7.9), 5% glycerol and
0.5 M NaCl), and disrupted by Multibeads shocker (YASUI KIKAI)
with cooling. The resulting lysate was centrifuged for 30 min at
10000 rpm, and the supernatant was ultracentrifuged for 90 min at
120000 · g. The high speed supernatant was dialyzed against TGN
buﬀer and loaded onto Ni-NTA aﬃnity chromatography (Sigma). Pro-
teins were eluted with TGN buﬀer containing 50 mM imidazole, and
fractions containing RNAP were dialyzed against HGED buﬀer con-
taining 0.5 M NaCl and 50% glycerol, and stored at 80 C.
2.6. In vitro single-round transcription analysis
In vitro transcription analysis was carried out as described previ-
ously with some modiﬁcations [13]. Brieﬂy, holoenzyme was reconsti-
tuted by mixing puriﬁed RNAP with a threefold molar excess of rA,
and incubated for 20 min at 30 C. Open complex was formed by incu-
bating 3 pmol of reconstituted holoenzyme with 0.2 pmol of template
DNA in 35 ll of reaction buﬀer (50 mM HEPES-KOH (pH 7.9),
3 mM MgCl2, 100 mM DTT, 50 mM potassium glutamate and
25 lg/ml BSA) for 20 min at 30 C. To examine the TeSufR activity,
0, 6, 15, or 30 pmol of TeSufR was added to the template DNA,
and the mixture was incubated for 20 min at 30 C prior to RNAP
addition. RNA synthesis was initiated by addition of 15 ll of substrate
mixture (160 lM of each ATP, GTP, CTP and 50 lM of UTP, 2 lCi
[a-32P] UTP (MP, 32030H), and 200 lg/ml heparin in reaction buﬀer).
After extension for 5 min at 30 C, the transcriptional reaction was ter-
minated by adding 50 ll of stop solution (40 mM EDTA (pH 8.0),
300 lg/ml E. coli tRNA). The transcripts were loaded onto a 5% poly-
acrylamide gel containing 8 M urea and analyzed with a bioimage ana-
lyzer (BAS1000, Fuji photo ﬁlm). The DNA templates were PCR
ampliﬁed with the primers 5 0-ggagtgggaagaactgaggg-3 0 and 5 0-
cgaaaatccaacatgaattc-30 for suf#1-2, 5 0-tgctcaattaggccatcatt-30 and5 0-aatgcagtgttctccgggga-30 for suf#3-4, and 5 0-ggagtgggaagaactgaggg-
3 0and 5 0-aatgcagtgttctccgggga-30 for suf#1-4 using Synechocystis geno-
mic DNA as a template (Fig. 4A).3. Results
3.1. Identiﬁcation and characterization of the sufBCDS
promoter structure
The transcription initiation sites of the sufBCDS operon
were identiﬁed by primer extension analysis. The sufBCDS
operon has two promoters, P1 and P2, which are putative
r70-type promoters (Fig. 1). Compared with medium light con-
ditions (70 lE m2 s1), transcripts from P1 increased 3 h after
the shift to high light conditions (1500 lE m2 s1), while tran-
scripts from P2 remained unaﬀected (Fig. 1A).
3.2. Puriﬁcation of RNAP from cyanobacterial cells
Although RNAP puriﬁcation methods have been reported
from a number of cyanobacterial strains [13–15], these meth-
ods are very complicated and time-consuming. Here, we con-
structed a simple and rapid method for RNAP puriﬁcation
from Synechocystis, using a carboxy-terminus His6-tagged
RpoC2 (b 0 subunit) mutant strain. A vector for chromosomal
replacement was made by inserting the chloramphenicol resis-
tant gene cassette immediately downstream of the rpoC2-
(CAC)6 construct (Fig. 2A). The carboxy-terminus region of
the b 0 subunit was chosen for His6-tagging, because its struc-
tural gene, rpoC2, is located at the 3 0 terminus of the operon,
and it is preferable to leave the operon structure intact for
mutagenesis studies. After transformation, complete replace-
ment of the chromosomal rpoC2 region was conﬁrmed
(Fig. 2B), and the resulting strain grew as well as the parental
strain. To prepare RNAP, cells were disrupted and the dia-
lyzed high-speed supernatant was used for chromatography.
SDS–PAGE and immunoblot analyses indicated that the imid-
azole-eluted fraction contained all subunits of the RNAP core
enzyme (a,b,b 0, and c) and trace amounts of the rA protein
(Fig. 3 and data not shown).
3.3. In vitro single-round transcription analysis with the
reconstituted RNAP holoenzyme
Using DNA fragments containing the suf promoter region,
we performed in vitro transcription analysis. Since Synechocys-
tis SufR was expressed as inclusion body using E. coli system
and could not be refolded (K. Matsumoto et al. unpublished
results), we used recombinant TeSufR from Tel in this study.
Although TeSufR shows only 55% similarity to Synechocystis
SufR, cysteine residues for the Fe–S cluster and the DNA
binding helix region are highly conserved between the two pro-
teins. The RNAP holoenzyme, containing the principal sigma
factor, rA, eﬃciently recognized the P1 and P2 promoters
(Fig. 4B and C). Consistent with previous in vivo results that
SufR is a negative regulator of the sufBCDS operon [6], tran-
scription from P1 was repressed by TeSufR in vitro, whereas
transcription from P2 was unaﬀected (Fig. 4C and D). In this
experiment, an additional signal was detected (Fig. 4B and C),
which was considered to be a transcript from the sufR pro-
moter (PsufR) due to its size and a putative r70-type promoter
sequence. Transcription from PsufR was also repressed by Te-
SufR (Fig. 4C and D). All experiments were performed at least
twice for reproducibility.
Fig. 2. Generation of the RpoC2 carboxy-terminus His6-tagged cyanobacterial strain. (A) Scheme describing the recombination events which lead to
the rpoC2 gene replacement. The (CAC)6 sequence coding the His6-tag was inserted at the 3
0 terminus of the rpoC2 gene inframe, and subsequently,
the chloramphenicol resistant gene cassette was placed downstream for genetic selection. (B) The chromosomal locus of rpoC2 was PCR-ampliﬁed
for conﬁrmation of complete gene replacement. The expected PCR products-1 and 2, shown in (A) are indicated.
Fig. 1. Promoter structure of the suf operon in Synechocystis. (A) Primer extension analysis of sufBCDS operon. Total RNAs were prepared from
Synechocystis cells grown under medium light conditions (70 lE m2 s1) or after the high light shift (1500 lE m2 s1). Transcription start sites
from P1 and P2 promoters are indicated. Lane 1, medium light; lane 2, 3 h after the high light shift. (B) Promoter structure of the sufBCDS operon.
Transcription start sites are shown in bold. Putative 10 and 35 sequences are underlined. The primer used for the primer extension analysis is
boxed with thin lines. The initiation codons (ATG) of sufB and sufR are boxed with thick lines.
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In the in vitro transcription analysis, we showed that the P1
and P2 promoters were recognized by rA containing RNAP. A
previous report suggested that SufR was a negative regulator
of the sufBCDS operon [6], and we showed here that the addi-
tion of excess TeSufR repressed only P1 (Fig. 4C and D).Thus, TeSufR presumably interacts with the P1 promoter re-
gion, and represses the activity directly. TeSufR also repressed
the PsufR transcription, which supports the site-speciﬁc bind-
ing of SufR around the P1 region. In parallel, analysis of the
in vivo transcript amounts by primer extension indicated that
P2 was transcribed constitutively whereas P1 was activated
during the shift to high light conditions (Fig. 1A). These obser-
Fig. 3. Puriﬁcation and analysis of His6-tagged RNAP from Synecho-
cystis. Lane 1, low speed supernatant; lane 2, high speed supernatant;
lane 3, ﬂow through fraction from Ni-NTA aﬃnity chromatography;
lane 4, 20 mM imidazole wash fraction; lane 5, 50 mM imidazole
eluted fraction (puriﬁed RNAP); lane 6, 250 mM imidazole eluted
fraction; lane 7, puriﬁed rA. Subunits of the RNAP core enzyme are
indicated. Proteins were detected with Coomassie brilliant blue
staining.
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conditions, and P1 activation results from the derepressionFig. 4. In vitro single-round transcription analysis of sufBCDS operon and
transcription initiation sites of P1, P2 and PsufR are indicated by arrows. T
expected or estimated length of the transcripts are as follows: with the s
approximately 210 nt, respectively; with the suf #3-4 template, P1, P2 and Psu
with the suf #1-4 template, P1, P2 and PsufR transcripts are 124, 262, an
performed with puriﬁed RNAP core, rA, and the reconstituted RNAP holoe
indicated by open arrowheads, closed arrowheads and asterisks, respectively.
15, 30 pmol of TeSufR were added to each reaction. The expected transcripts
4 as a template, were calculated and the average value from 2 independent eby the high light shift. Presently, no information is available
for the modulation of SufR function. SufR itself is known to
be an Fe–S protein [6], and this Fe–S cluster, which could be
aﬀected by cellular redox status and reactive oxygen species,
might be involved in the control of the SufR activity
(Fig. 5). Changing the DTT concentration of the in vitro tran-
scription reaction mixture had no detectable eﬀect on SufR
repressing activity (data not shown), but this possibility re-
quires further analysis.
In this work, we have established a simple and rapid puri-
ﬁcation method of Synechocystis RNAP. This is the ﬁrst at-
tempt to add His6-tag to a cyanobacterial RNAP followed
by puriﬁcation using a single chromatography. As is the case
for amino-terminus His6-tagging of the a subunit in tobacco
plastid RNAP [16], His6-tagging at the carboxy-terminus of
the b 0 subunit had no detectable eﬀect on cell growth under
normal culture conditions. Using Ni-NTA aﬃnity chroma-
tography, RNAP core enzyme was puriﬁed to near homoge-
neity (Fig. 3). Though a trace amount of rA appeared to be
included (data not shown), we detected no speciﬁc transcrip-
tional initiation from the cyanobacterial promoters using the
puriﬁed core enzyme unless it was reconstituted with rA
(Fig. 4B).sufR promoters. (A) Structure of templates used in the analysis. The
he dotted arrows represent the transcripts from each promoter. The
uf #1–2 template, P1, P2 and PsufR transcripts are 284, 422, and
fR transcripts are 124, 262, and approximately 340 nt, respectively; and
d approximately 210 nt, respectively. (B) In vitro transcription assay
nzyme. The expected transcripts from P1, P2 and PsufR promoters are
(C) TeSufR represses transcription from P1 and PsufR, but not P2. 0, 6,
are indicated. (D) Relative intensities of each band in (C), using suf #3–
xperiments is represented in the bar graphs.
Fig. 5. Putative model for the transcriptional induction cycle of the sufBCDS operon in response to a high light shift. The shift to high light
conditions produces an excess electron ﬂow that results in production of radicals and damages of PSI. Subsequently, the sufBCDS operon is activated
and promotes Fe–S cluster biogenesis to compensate for the high light stress.
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